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A rotating-bomb combustion calorimeter specifically designed for the study of sulfur-containing
compounds [J. Chem. Thermodyn. 1999, 31, 635] has been used for the determination of the enthalpy
of formation of thiane sulfone, 4, A{H°(g) = —394.8 &+ 1.5 kJ mol~*. This value stands in stark
contrast with the enthalpy of formation reported for thiane itself, A{H°(g) = —63.5 4= 1.0 kJ mol 2,
and gives evidence of the increased electronegativity of the sulfur atom in the sulfonyl group, which
leads to significantly stronger C—SO, bonds. Given the known enthalpy of formation of atomic
oxygen in the gas phase, A{H°(0,g) = +249.18 kJ mol~%, and the reported bond dissociation energy
for the S=0O bond in alkyl sulfones, BDE(S=0) = +470.0 kJ mol~1, it was possible to estimate the
enthalpy of formation of thiane sulfoxide, 5, a hygroscopic compound not easy to use in experimental
calorimetric measurements, AH°y(5) = —174.0 kJ mol~. The experimental enthalpy of formation
of both 4 and 5 were closely reproduced by theoretical calculations at the G2(MP2)+ level, AfH® -
(4) = —395.0 kJ mol™* and AH°(5) = —178.0 kJ mol~1. Finally, calculated G2(MP2)+ values for
the bond dissociation energy of the S=0O bond in cyclic sulfoxide 5 and sulfone 4 are +363.7 and

+466.2 kJ mol™1, respectively.

Introduction

Over the past few years, we have been involved in the
systematic quantitative comparison of thermodynamic
data, particularly the standard enthalpies of formation,
of six-membered sulfur-containing heterocycles.'3 Con-
sideration of the corresponding data for the oxygen
analogues is frequently essential for a proper rationaliza-
tion of the thermochemical results. For example, relative
to cyclohexane, 1, the enthalpy of formation of oxane, 2,
is much more negative, —123.3 and —223.4 kJ mol1,
respectively (Figure 1). By contrast, the enthalpy of
formation of thiane, 3, is —63.5 kJ mol™1, less negative
than that for cyclohexane. As discussed by Wiberg and
co-workers,* the lower electronegativity of sulfur relative
to oxygen results in diminished Coulombic attraction
between the heteroatom and bonded carbon atoms, and
thus weaker C—S bonds.
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FIGURE 1. Comparison of the experimental gas-phase en-
thalpies of formation of cyclohexane, oxane, and thiane.

Over the past three or four decades the use of sulfones
in organic synthesis has increased enormously, and now
rivals applications of the carbonyl functionality in areas
such as carbon—carbon bond formation® (Scheme 1).

The growing relevance of the sulfone group motivated
the present study; in particular, we aimed at the deter-

(4) (a) Wiberg, K. B.; Hadad, C. M.; Rablen, P.; Cioslowski, J. J.
Am. Chem. Soc. 1992, 114, 8644. (b) Wiberg, K. B.; Nakaji, D. 3. Am.
Chem. Soc. 1993, 115, 10658. (c) Wiberg, K. B.; Rablen, P. J. Am. Chem.
Soc. 1995, 117, 2201.

(5) (@) Magnus, P. D. Tetrahedron 1977, 33, 2019. (b) Simpkins, N.
S. Sulphones in Organic Synthesis; Pergamon Press: London, 1993.
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mination of the enthalpy of formation of thiane sulfone
(thiacyclohexane 1,1-dioxide, tetrahydro-2H-thiopyran
1,1-dioxide, pentamethylene sulfone, 4) (Figure 1). In-
deed, thermochemical data on sulfone 4 should be useful
to gain [by comparison with AH°n(1), AH°n(2), and
AH°(3); Figure 1 and ref 6] relevant information on
C—S0, and S=0 bond strengths. In this regard, C—SO,
bonds in alkyl sulfones are generally shorter than C—S
bonds in analogous sulfides (1.77 vs 1.81 A, on average?),
suggesting stronger bonding in the former. Furthermore,
it is generally accepted that 3d orbitals in sulfur
strengthen the S=0O bond via d,—p, back-bonding.®

Thermochemical studies of sulfone derivatives are
mostly limited to those of Busfield and Mackle and their
co-workers in the 1960s.9°1° Most relevant, from the
collected thermochemical data, the bond dissociation
energy (BDE) for the S=O bond in alkyl sulfones was
estimated!® as BDE = +470 kJ mol~%. This datum is of
great importance in the present work because, taken
together with the known!! enthalpy of formation of
atomic oxygen in the gas phase, A{H°,(0,9) = +249.18
kJ mol™%, it should allow for the calculation of the
enthalpy of formation in the gas phase of sulfoxide 5
(thiacyclohexane 1-oxide, tetrahydro-2H-thiopyran 1-ox-
ide, pentamethylene sulfoxide), a hygroscopic compound
not easy to use in experimental calorimetric measure-
ments (eq 1).

S/O —_—> N +
o (1)
< > No <:> N
4 5

(6) Pedley, J. B.; Naylor, R. D.; Kirby, S. P. Thermochemical Data
of Organic Compounds, 2nd ed; Chapman and Hall: London, 1986.
Afeefy, H. Y.; Liebman, J. F.; Stein, S. E. Neutral Thermochemical
Data. In NIST Chemistry WebBook, NIST Standard Reference Data-
base Number 69; Linstrom, P. J., Mallard, W. G., Eds.; National
Institute of Standards and Technology: Gaithersburg, MD, July 2001
(http://webbook.nist.gov).
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madia, I. G., Mangini, A., Eds.; Elsevier: Amsterdam, 1985; Chapter
2, pp 68—132.
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Patai, S., Rappoport, Z., Stirling, C. J. M., Eds.; Wiley: New York,
1988; pp 1-32.
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1044. (b) Busfield, W. K.; Mackle, H.; O'Hare, P. A. G. Trans. Faraday
Soc. 1961, 57, 1054. (c) Busfield, W. K.; Ivin, K. J.; Mackle, H.; O'Hare,
P. A. G. Trans. Faraday Soc. 1961, 57, 1058, and 1064. (d) Mackle,
H.; O'Hare, P. A. G. Trans. Faraday Soc. 1961, 57, 1070, 1521, 1873,
and 2119. (e) Mackle, H.; O'Hare, P. A. G. Trans. Faraday Soc. 1964,
60, 506. (f) Mackle, H.; McNally, D. V. Trans. Faraday Soc. 1969, 65,
1738. (g) Mackle, H.; Steele, W. V. Trans. Faraday Soc. 1969, 65, 2053,
2069, and 2073. (h) Mackle, H.; McNally, D. V.; Steele, W. V. Trans.
Faraday Soc. 1969, 65, 2060.

(10) For a compilation of thermochemical data of sulfoxides and
sulfones, see: Herron, J. T. In The Chemistry of Sulphones and
Sulphoxides; Patai, S., Rappoport, Z., Stirling, C. J. M., Eds.; Wiley:
New York, 1988; pp 95—106.
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Changing the number of oxygens attached to sulfur in
sulfones and sulfoxides causes considerable differences
in the physicochemical properties of these compounds.*?
In both kinds of compounds sulfur is hypervalent; i.e., it
is surrounded by more than the eight electrons normally
associated with completely filled s and p shells, and
participation of 3d orbitals is required to make up the
S—0 bonding.*®* While there is agreement in describing
the S—O bonds of sulfones as double bonds and —SO,—
as a rather “rigid” fragment,”'* the nature of bonding in
sulfoxides is controversial. Most likely, the best repre-
sentation of the sulfinyl moiety is a hybrid of the
semipolar single-bond (S*—0") and double-bond (S=0)
forms.®®

Results and Discussion

Experimental Enthalpies of Formation. The re-
sults of combustion experiments for 4 are given in Table
1 and correspond to the reaction

C.H,,0,5(c) + 80, + 111H,0(l) =
5CO, + [H,S0,-115H,0](l) (2)

The symbols in this table have the same meaning as in
ref 16, and the experimental values have been derived
as in ref 17. The uncertainties of the standard molar
energy and enthalpy of combustion are twice the final
overall standard deviation of the mean and were esti-
mated as outlined by Olofsson.!®

To derive AfH°y(cr) from A.H°y(cr), the standard molar
enthalpies of formation of H,O(l) and CO,(g), at T =
298.15 K, respectively, —285.839 + 0.042 and —393.51
+ 0.13 kJ mol~%, were used.*®

Vapor pressures were determined at different temper-
atures in the interval 299.87—314.83 K, and the results
are given in Table 2.

The Clausius—Clapeyron equation fitted to the results
of pressure and temperature by the least-squares method
is In p = —(10571 + 32)T* + (33.1 &+ 0.1). The molar
enthalpy of sublimation corresponding to the mean
temperature [T,,00= 307.35 K of its experimental range
is AsuH’nm = 87.9 £+ 0.3 kJ mol™%. The enthalpy of
sublimation determined at [T,[0was adjusted at T =
298.15 K by means of eq 3 according to that described in

(11) (a) Cox, J. D.; Wagman, D. D.; Medvedev, V. A. CODATA Key
Values for Thermodynamics; Hemisphere: New York, 1989. (b) See
also: Ribeiro da Silva, M. D. M. C.; Matos, M. A. R.; Vaz, M. C.; Santos,
L. M. N. B. F.; Pilcher, G.; Acree, W. E., Jr.; Powell, J. R. J. Chem.
Thermodyn. 1998, 30, 869.

(12) Oae, S. Organic Chemistry of Sulfur; Plenum Press: New York,
1977; Chapters 1 and 8.

(13) Cilento, G. Chem. Rev. 1960, 60, 147.

(14) Hargittai, I. In Lecture Notes in Chemistry; Berthier, G., Dewar,
M. J. S., Fischer, K., Fukui, K., Hartmann, H., Jaffe, H. H., Jortner,
J., Kutzelnigg, W., Ruedenberg, K., Scrocco, E., Zeil, W., Eds.; Springer-
Verlag: Berlin, 1978; Chapter 6.

(15) Mixan, C. E.; Lambert, J. B. J. Org. Chem. 1973, 38, 1350 and
references therein.

(16) Westrum, E. F., Jr. In Combustion Calorimetry; Sunner, S.,
Mansson, M., Eds.; Pergamon Press: Oxford, 1979; Chapter 7.

(17) Hubbard, W. N.; Scott, D. W.; Waddington, G. In Experimental
Thermochemistry; Rossini, F. D., Ed.; Interscience: New York, 1967;
Chapter 5.

(18) Olofsson, G. Assignment of Uncertainties. In Combustion
Calorimetry; Sunner, S., Mansson, M., Eds.; Pergamon Press: Oxford,
1979; Chapter 6.

(19) CODATA. Recommended key values for thermodynamics, 1975.
J. Chem. Thermodyn. 1976, 8, 603.
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TABLE 1. Results of Combustion Experiments of Thiacyclohexane 1,1-Dioxide at T = 298.15 K
m’(compd)/g 1.02026 1.07757 1.16571 1.17606 1.17957
m’ (polyethene)/g 0.07312 0.07896 0.07491 0.07850 0.07575
m'"'(vaseline)/g 0.09077 0.00000 0.00000 0.00000 0.00000
m'"'(fuse)/g 0.00232 0.00222 0.00231 0.00228 0.00228
ATJIK = (Tf — Ti + ATeorn)/K —1.1887 —-1.1037 —1.1778 —1.1924 —1.1918
€(calor) (—AT)/kJ —34.3175 —31.8649 —34.0033 —34.4263 —34.4087
e(cont) (—AT)/kJ —0.0600 —0.0552 —0.0593 —0.0602 —0.0601
AUjgn/kJ 0.0004 0.0004 0.0004 0.0004 0.0004
AUgec(HNO3)/kJ 0.0587 0.0436 0.0598 0.0390 0.0564
AUgiin(H2S04)/kJ —0.00316 —0.00377 —0.00469 —0.00479 —0.00483
AU(corr to std states)/kJ 0.0252 0.0230 0.0241 0.0247 0.0245
—m'"' Acu®(polyethene)/kJ 3.3909 3.6613 3.4735 3.6400 3.5124
—m'""Acu®(vaseline)/kJ 4.1834 0.0000 0.0000 0.0000 0.0000
—m""Acu°(fuse)/kJ 0.0405 0.0386 0.0403 0.0397 0.0398
Acu®(compound)/kJ gt —26.1521 —26.1304 —26.1381 —26.1448 —26.1454
[Acu°(298.15 K)ZkJ g1 —26.1422 + 0.0037
TABLE 2. Vapor Pressures of Thiacyclohexane cyclohexane but is more puckered to accommodate the
1,1-Dioxide bond angles and bond lengths characteristic of sulfur. In
TIK té/s AmP/mg p/Pa 102(5p/p)¢ thiacyclohexane 1-oxide, the oxygen atom can be in the
29987 21600 257 0.119 0.293 axial or equatorial position. Calculations show that the
303.03 23460 3.97 0.171 —0.253 axial position is preferred, according to all previous
ggg-gg %gggg g-?g g-ggz 8-3(732 experimental and theoretical studies.2=32 At the MP2-
311.92 14160 6.40 0.463 _0178 (FULL)/_6—3lG(d) Ievel_of thepr_y, t_he structure W|t_h the
314.83 12000 7.39 0.634 —0.105 O atom in the equatorial position is 7.4 kJ mol~* higher

aTime for the experiment. ® Mass of the sublimed substance.
¢ Vapor pressure. 9 6p/p denotes the deviation of the experimental
vapor pressures from the values computed using eq 19.

ref 20a. The term C,, is the heat capacity of the solid
phase and was estimated according to a group additivity
approach.20®

A% H,,°(298.15 K) = A% H_°((T,,[IK) +
{0.753 K™ *mol "+ 0.15C,, , }{ T, 0— 298.15 K} (3)

Table 3 gives the standard molar energy and enthalpy
of combustion and formation of thiacyclohexane 1,1-
dioxide, in the crystalline state at T = 298.15 K, and the
standard molar enthalpy of sublimation and the standard
molar enthalpy of formation in the gas state.

Neither combustion nor sublimation enthalpies of this
compound were found for comparison with our results.

Considering reaction 1, with the experimental value
of the enthalpy of formation in the gas state of 4 at hand,
and given the known enthalpy of formation of atomic
oxygen in the gas phase, AH°n(0,9) = +249.18 kJ
mol~1,' as well as the reported bond dissociation energy
for the S=O bond in alkyl sulfones,’® BDE(S=0) =
+470.0 kJ mol~%, it was possible to estimate the enthalpy
of formation of 5, A{H°, (5) = —174.0 kJ mol™.

Molecular and Electronic Structures. Geometries
of 5 and 4, both experimental?s??2 and optimized at the
MP2(FULL)/6-31G(3df,2p) level of theory, are presented
in Table 4.

In both compounds, the most stable form is the chair
conformation, belonging to the symmetry point group Cs
(see Figure 2). The chair structure is similar to that of

(20) (a) Chickos, J. S.; Hosseini, S.; Hesse, D. G.; Liebman, J. F.
Struct. Chem. 1993, 4, 271. (b) Chickos, J. S.; Hesse, D. G.; Liebman,
J. F. Struct. Chem. 1993, 4, 251.

(21) Forgacs, G.; Hargittai, I.; Jalsovszky, I.; Kucsman, A. J. Mol.
Struct. 1991, 243, 123.

(22) Lowe, G.; Thatcher, G. R. J.; Turner, J. C. G.; Waller, A,
Watkin, D. J. 3. Am. Chem. Soc. 1988, 110, 8512.
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in energy. There is a range of experimental conforma-
tional free energy values from —0.8 to —5.4 kJ mol™%,
since —AG? is strongly solvent dependent?® and is influ-
enced by the presence of monomer and dimer forms.25:26¢
It has been suggested?® that the —AG°® = —5.4 kJ mol~!
is the correct value for thiacyclohexane 1-oxide in the gas
phase or under experimental conditions of high dilution.
An early interpretation? attributed the axial preference
of the sulfoxide oxygen to an attractive interaction
between the oxygen and the syn-axial hydrogens, but
later molecular mechanics calculations?®® did not support
that idea.

The boat and twist conformers are also minima of the
potential energy surface of the molecules studied, but
calculations at the HF/6-31G(d) level indicate that they
are 27.8 and 23.3 kJ mol~* higher in energy, respectively,
than the chair conformer in the case of thiacyclohexane
1,1-dioxide and in the range 27.0—33.5 kJ mol~* higher
in energy than the chair conformer in the case of
thiacyclohexane 1-oxide (because of the lower symmetry,
there are three twist and four boat conformers).

(23) Johnson, C. R.; McCants, D., Jr. 3. Am. Chem. Soc. 1964, 86,
2935.

(24) Martin, J. C.; Uebel, J. J. 3. Am. Chem. Soc. 1964, 86, 2936.

(25) (a) Lambert, J. B.; Keske, R. G. J. Org. Chem. 1966, 31, 3429.
(b) Lambert, J. B.; Bailey, D. S.; Mixan, C. E. J. Org. Chem. 1972, 37,
377.

(26) (a) Allinger, N. L.; Hirsh, J. A.; Miller, M. A.; Tyminski, I. J. J.
Am. Chem. Soc. 1969, 91, 337. (b) Allinger, N. L.; Kao, J. Tetrahedron
1976, 32, 529. (c) Allinger, N. L.; Fan, Y.; Varnali, T. J. Phys. Org.
Chem. 1996, 9, 159.

(27) Buchanan, G. W.; Durst, T. Tetrahedron Lett. 1975, 1683.

(28) Barbarella, G.; Dembech, P.; Tugnoli, V. Org. Magn. Reson.
1984, 22, 402.

(29) Juaristi, E.; Ordofiez, M. Conformational Preference of the
Sulfinyl Group in Six-Membered Heterocycles. In Organosulfur Chem-
istry. Synthetic and Stereochemical Aspects; Page, P., Ed.; Academic
Press: San Diego, 1988; Chapter 3, pp 63—95.

(30) Abraham, R. J.; Pollock, L.; Sancassan, F. J. Chem. Soc., Perkin
Trans. 2 1994, 2329.

(31) Nagao, Y.; Goto, M.; Kida, K.; Shiro, M. Heterocycles 1995, 41,
419.

(32) (a) Freeman, F.; Gomarooni, F.; Hehre, W. J. J. Mol. Struct.:
THEOCHEM 2001, 535, 287. (b) Freeman, F.; Nguyen, T.; Hehre, W.
J. J. Mol. Struct.. THEOCHEM 2001, 549, 203.
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TABLE 3. Thiacyclohexane 1,1-Dioxide: Standard Molar Energy of Combustion, AcU°n, and Enthalpies of Combustion,
AcH°m, Formation of the Solid, AsH°m, Sublimation, AsupHm, and Sublimation of the Gas, AsH°y, at T = 298.15 K and p° =

101.325 kPa
AcU°m(cr)/kd mol 1 AcH°m(cr)/kd mol 1 AfHm(cr)/kJ mol 1 AsubHm/kJ mol—1 AH°m(g)/kd mol 1
—3508.3 £ 1.3 —3515.7 £ 1.3 —483.0+ 1.4 88.2+0.3 —3948+1.4

TABLE 4. Calculated and Experimental Structures of
Thiacyclohexane 1-Oxide and Thiacyclohexane
1,1-Dioxide?

thiacyclohexane 1-oxide thiacyclohexane 1,1-dioxide

calcdP exptle calcdP exptld
S—0ax 1.487 1.483 1.437 1.439
S—0¢q 1.441 1.447
S—-C 1.798 1.816 1.762 1.758
(s)c-c 1.515 1.538 1.519 1.526
(C)c-C(C) 1518 1.539 1.520 1.521
OSO 120.5 116.9
CSOax 106.3 108.1 107.5 109.0
CSO¢q 109.5 109.5
CsC 94.9 91.1 100.6 102.3
CCS 1114 112.5 110.5 111.0
(s)yccc 111.8 1115 111.8 1125
(C)CCC(C) 1115 114.8 112.4 113.7
©¢ 108.8 109.0 109.6 110.5
Pf 61.6 61.1 59.7 57.4

aBond lengths in angstroms and bond angles in degrees.
b Geometry optimized at the MP2(FULL)/6-31G(3df,2p) level of
theory. ¢ Gas-phase electron diffraction data taken from ref 21.9 X-
ray crystal data taken from ref 22. ¢ Mean bond angle in the ring.
f Mean torsional angle in the ring.

The calculated structural parameters are in very good
agreement with the experimental ones. For both sulfox-
ides and sulfones, the length of the S=0 bond is the most
important structural parameter. The agreement between
calculated and experimental S=0O bond distances is
excellent. It is interesting to note that, in thiacyclohexane
1,1-dioxide, the S—O4 distance is slightly shorter than
the S—0¢q distance.

The bond configuration of all sulfoxides is characterized
by a pyramidal arrangement. In terms of the valence
shell electron pair repulsion (VSEPR) theory,® it is an
AXE structure with three ligands and one lone pair of
electrons around the central sulfur atom. It is a general
observation®* that in sulfoxides the XSX angle is smaller
than the XSO angle. This fact is observed in thiacyclo-
hexane 1-oxide (see Table 4). This result is fully consis-
tent with VSEPR predictions, according to which an
angle involving multiple bonds will be greater than an
angle involving single bonds only. The sulfonyl group, in
addition, has the bond angle OSO and the corresponding
O---O nonbonded distance as important structural pa-
rameters. According to the VSEPR predictions cited
above, the relationship among the sulfur bond angles
should be OSO > XSO > XSX, as is observed in thiacy-
clohexane 1,1-dioxide (see Table 4). It has been observed3*
that the nonbonded O---O distance remains practically
constant in a relatively large series of sulfonyl deriva-
tives, 2.484 A being the experimental mean value. The
calculated value for thiacyclohexane 1,1-dioxide is 2.56

FIGURE 2. Chair conformations (Cs) of thiacyclohexane
1-oxide and thiacyclohexane 1,1-dioxide, optimized at the MP2-
(FULL)/6-31G(3df,2p) level.

A. It was suggested® that this result indicates that the
nonbonded oxygen—oxygen interactions may be as im-
portant in determining the geometry of the sulfone group
as the bonded interactions considered in the VSEPR
model. It was further suggested® that the emerging
pattern of results can be visualized by a tetrahedral
arrangement of the XSO,Y group with the sulfur atom
in the center of the tetrahedron and the two oxygen
atoms at two of the apexes. As the two ligands are
changed, the two oxygen atoms remain in their position,
while the sulfur atom may move up and down along the
vector corresponding to the bisector of the OSO angle.3

If we compare the experimental geometries of the
compounds studied with that of thiane,¢ it is interesting
to note that the C—S bond lengths are very similar in
thiane and thiacyclohexane 1-oxide (1.811 and 1.816 A,
respectively) but significantly shorter in thiacyclohexane

(33) Gillespie, J. R. Molecular Geometry; Van Nostrand Reinhold:
London, 1972.

(34) Hargittai, I. In The Chemistry of Sulphones and Sulphoxides;
Patai, S., Rappoport, Z., Stirling, C. J. M., Eds.; Wiley: New York,
1988; pp 33—53.

(35) Hargittai, 1. The Structure of Volatile Sulphur Compounds;
Akadémiae Kiadd: Budapest; Reidel: Dordrecht, The Netherlands,
1985.

(36) Schultz, G.; Kucsman, A.; Hargittai, I. Acta Chem. Scand., A
1988, 42, 332.
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1,1-dioxide (1.758 A), whereas the C—C bond lengths are
very similar in the three compounds. The CSC angle is
larger in thiacyclohexane 1,1-dioxide (102.3°) than in
thiane (97.6°) or in thiacyclohexane 1-oxide (91.1°). This
behavior has been observed in other compounds. The
bond angle XSX always decreases in going from a sulfone
to the analogous sulfoxide, whereas from sulfoxide to
sulfide there is an increase in the value.?* This fact is in
apparent disagreement with VSEPR considerations; it
would have been expected that the XSX angle should
further decrease in the analogous sulfides. An explana-
tion3* for this apparent anomaly may be that, for a
general applicability of VSEPR considerations,®” not only
the bond angle variations but also the angles of the lone
pairs must be considered. The situation is especially
complicated in the case of sulfides, where three kinds of
interactions are present: bond/bond, bond/lone pair, and
lone pair/lone pair.

We have also obtained the distances between the
oxygen atoms and the syn-axial hydrogens. This distance
is significantly shorter in the case of thiacyclohexane
1-oxide (2.58 A) than in the case of the axial oxygen in
thiacyclohexane 1,1-dioxide (2.71 A). This seems to
confirm the idea of Johnson and McCants,?® attributing
the axial preference of the sulfoxide oxygen to an attrac-
tive interaction between the oxygen and the syn-axial
hydrogens.

It has been observed3>3® that the introduction of a
sulfur heteroatom into a six-membered carbon ring
increases the ring puckering in comparison with the
conformation of cyclohexane.

The relation between torsional angles, ¢, and valency
angles, 6, in a chair form cyclohexane ring is given by

cos ¢ = —(cos 0)/[1 + cos 6] 4)

This relation, which holds exactly for cyclohexane,*® can
be used also for deformed chair forms of lower symmetry
six-membered rings*® provided that the individual angles
@ and 6 are replaced by the averages of the six torsional
angles, @, and the six valency angles, ©:

cos @ = —(cos O)/[1 + cos O] (5)

The average torsional angle, ®, which is determined by
a delicate balance among valency, torsional, and non-
bonded forces, is therefore an easily calculated and
convenient index of the puckering in six-membered rings.
Calculated and experimental values of ® and ® mean
angles for both compounds studied are collected in Table
4.

The @ torsional angle of thiacyclohexane 1,1-dioxide
has a value similar to that obtained for thiane (® = 58.2,
calculated® from experimental angles), indicating that
both rings are similarly puckered. However, the most
puckered ring is that of thiacyclohexane 1-oxide, with a
@ angle similar to that obtained for 1,3-dithiane (® =
60.9).3

(37) (a) Hargittai, 1. Inorg. Chem. 1982, 21, 4334. (b) Hargittai, I.;
Chamberland, B. In Symmetry, Unifying Human Understanding;
Hargittai, 1., Ed.; Pergamon Press: New York, 1986; pp 1021—-1038.

(38) Adams, W. D.; Bartell, L. S. J. Mol. Struct. 1977, 37, 261.

(39) Pauling, L. Proc. Nat. Acad. Sci. U.S.A. 1949, 35, 495.

(40) Geise, H. J.; Altona, C.; Romers, C. Tetrahedron 1967, 23, 439.
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FIGURE 3. Angles between planes in thiacyclohexane 1-oxide
and thiacyclohexane 1,1-dioxide, calculated at the MP2(FULL)/
6-31G(3df,2p) level.

We have also calculated the angles between planes in
the compounds studied and compared with the values
calculated for thiane.® The corresponding values are
shown in Figure 3. The angles in thiane are larger than
in thiacyclohexane 1,1-dioxide, confirming that the struc-
ture of thiacyclohexane 1,1-dioxide is more puckered. It
is interesting to note that the angle between the S—0O4
bond and the CSC plane is significantly smaller in the
sulfoxide (114.6°) than in the sulfone (121.4°), confirming
the attractive interactions between the axial oxygen atom
and the syn-axial hydrogens.

To our knowledge, the infrared or Raman spectra of
thiacyclohexane 1,1-dioxide had not been previously
reported, and only the infrared spectrum of thiacyclo-
hexane 1-oxide is known.** The computed vibrational
frequencies at the MP2(FULL)/6-31G(d) level, scaled by
the factor 0.9427 recommended by Scott and Radom,*?
are collected in Table S4 of the Supporting Information
for the two compounds studied. An assignation of the
frequencies to the different normal vibrational modes of
the molecules has been made comparing the computed
vibrations with the assignments of Hase and Kawano.*

The comparison between the experimental and calcu-
lated frequencies for thiacyclohexane 1-oxide is very good.
The only discrepancies are in the assignment of the S=
O wagging and one of the skeletal deformations (see
Table S4). Not taking into account these two frequencies,
the correlation equation between calculated and experi-
mental frequencies is

v(calcd) = —(19.5 £+ 5.3) + (1.0212 + 0.0032)v(exptl)
(6)

in inverse centimeters; n = 43; R = 0.9998;
sd=18.3cm™*

A comparison between the fundamental frequencies
calculated for both compounds studied can be made. The

(41) Hase, Y.; Kawano, Y. Spectrosc. Lett. 1978, 11, 161.
(42) Scott, A. P.; Radom, L. J. Phys. Chem. 1996, 100, 16502.
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most important difference occurs in the S=0O stretching
modes. In the sulfoxide there is only one, at 1036.0 cm™4,
whereas in the sulfone there are two, the S=0 symmetric
stretching vibration, at 1098.5 cm™, and the asymmetric
one, at 1276.7 cm™. The calculated vs—o frequency in
thiacyclohexane 1-oxide (1036.0 cm™?) is typical of the
axial form. It is already known*® that the S=O stretching
frequency of the axial form is lower than that of the
equatorial form.

The other differences are in the S=0O rocking and
wagging vibrations. In thiacyclohexane 1l-oxide ps—o is
assigned to the vibration at 301.1 cm™! and ws—o to the
vibration at 415.0 cm™%, whereas in thiacyclohexane 1,1-
dioxide there are two ps—o Vibrations, at 254.6 and 374.7
cm™t, and another two ws—o Vvibrations that appear at
413.7 and 463.7 cm™1. One of the vc_s and vc_¢ vibrational
modes is also affected by the presence of one or two
oxygen atoms in the molecule, but all the other vibra-
tional modes appear at very similar frequencies in both
compounds studied: the ten CH, stretching modes
(2906—3009 cm™1), the five CH; scissoring deformations
(1417—-1469 cm™), the five CH, wagging deformations
(1276—1357 cm™Y), the five CH, twisting modes (1078—
1248 cm™1), and the five CH, rocking modes (776—999
cm™1). The skeletal deformations are all expected in the
frequency region below 535 cm™.

An important characteristic of the ground electronic
state of a molecule is the ionization potential, IP. The
first ionization potential for thiacyclohexane 1,1-dioxide
has been experimentally determined** by means of pho-
toelectron spectroscopy, the value being 10.24 eV. To
our knowledge, there is not any experimental determi-
nation of the ionization potential for thiacyclohexane
1-oxide.

We have calculated the IP values for the compounds
studied according to Koopmans' theorem.*546 The IP and
the electron affinity, EA, correspond approximately to the
negative of the energy of the highest occupied molecular
orbital, HOMO, and the lowest unoccupied molecular
orbital, LUMO, respectively.

IP = —E\omo EA=—E umo (7)

The calculated IP values for thiacyclohexane 1l-oxide
and thiacyclohexane 1,1-dioxide are 9.70 and 11.43 eV,
respectively, obtained at the MP2(full)/6-31G(3df,2p)
level. Electron affinities of —4.98 and —4.86 eV, respec-
tively, have been obtained. The calculated HOMO—
LUMO energy gap is larger in thiacyclohexane 1,1-
dioxide (16.3 eV) than in thiacyclohexane 1-oxide (14.7
eV). This is a general behavior in sulfones and sulfox-
ides.*” A consequence of this is the fact that sulfones are
transparent in the UV region, in contrast to sulfoxides.'?

(43) De la Mare, P. B. D.; Millen, D. J.; Tillett, J. G.; Watson, D. J.
Chem. Soc. 1963, 1619.

(44) Kuhn, H. J.; Klessinger, M.; Rusgi¢, B.; Klasinc, L. J. Electron
Spectrosc. Relat. Phenom. 1987, 43, 147.

(45) Koopmans, T. Physica 1933, 1, 104.

(46) Szabo, A.; Ostlund, N. S. Modern Quantum Chemistry; Mac-
Millan: New York, 1982.

(47) Barbarella, G. J. Mol. Struct. THEOCHEM 1989, 186,
197.
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TABLE 5. G2(MP2)-Calculated Energies, at 0 K, and
Enthalpies, at 298 K, for Thiacyclohexane 1-Oxide,
Thiacyclohexane 1,1-Dioxide, and the Reference
Compounds Used in This Work?&

G2(MP2) G2(MP2)+b
COmpd Eo Hggg E() Hzgg
5 —668.97473 —668.96670 —668.97390 —668.96588
4 —744.12824 —744.11959 —744.12844 —744.11978
3 —593.85914 —593.85199 —593.85819 —593.85104
dimethyl —552.47881 —552.47222 —552.47858 —552.47199
sulfoxide
dimethyl —627.63218 —627.62505 —627.63301 —627.62588
sulfone
methane —40.40966 —40.40584 —40.40959 —40.40578
ethane —79.62893 —79.62445 —79.62878 —79.62429
propane —118.85309 —118.84751 —118.85281 —118.84723

cyclohexane —235.34438 —235.33749 —235.34357 —235.33669

a All values in hartrees.  Values obtained using the G2(MP2)
scheme, from geometries optimized at the MP2(FULL)/6-31G(3df,2p)
level. See the text.

A low HOMO—-LUMO gap frequently results in high
reactivity,*® as is the case for the compounds studied.

Theoretical Enthalpies of Formation. G2(MP2)*
calculated energies, at 0 K, for the compounds studied
are given in Table 5.

To calculate enthalpy values at 298 K, the difference
between the enthalpy at temperature T and 0 K can be
evaluated according to standard thermodynamics.® The
thermal correction in Gaussian-n theories is made using
scaled (0.8929) HF/6-31G(d) frequencies for the vibrations
in the harmonic approximation for vibrational energy,5!
the classical approximation for translation (3/2 RT) and
rotation (3/2 RT for nonlinear molecules, and RT for
linear molecules), and an additional RT for converting
energy to enthalpy (the pV term). G2(MP2) enthalpies
at 298 K for the compounds studied are also collected in
Table 5.

In standard Gaussian-n theories, theoretical enthalpies
of formation are calculated through atomization reac-
tions. We have detailed this method in previous studies.%?
Raghavachari et al.>® have proposed to use a standard
set of isodesmic reactions, the “bond separation reac-
tions”,> where all formal bonds between non-hydrogen
atoms are separated into the simplest parent molecules
containing these same Kkinds of linkages, to derive the
theoretical enthalpies of formation. However, this method
is not applicable in the case of the compounds studied,
because the bond separation isodesmic reactions for
thiacyclohexane 1-oxide and thiacyclohexane 1,1-dioxide
are reactions 8 and 9, respectively, and the experimental
enthalpies of formation of two of the reference com-
pounds, H,SO and H,SO;,, are not available.

(48) Wiberg, K. J. Org. Chem. 1997, 62, 5720.

(49) Curtiss, L. A.; Raghavachari, K.; Pople, J. A. 3. Chem. Phys.
1993, 98, 1293.

(50) McQuarrie, D. A.; Simon, J. D. Molecular Thermodynamics;
University Science Books: Sausalito, CA, 1999.

(51) Each normal mode contributes Nh/(e"/kT—1) to thermal correc-
tion, where N is Avogadro’s constant, h is Planck’s constant, v is the
frequency, k is Boltzmann'’s constant, and T is the temperature.

(52) (a) Notario, R.; Castafio, O.; Abboud, J.-L. M.; Gomperts, R.;
Frutos, L. M.; Palmeiro, R. J. Org. Chem. 1999, 64, 9011. (b) Notario,
R.; Castafio, O.; Gomperts, R.; Frutos, L. M.; Palmeiro, R. J. Org. Chem.
2000, 65, 4298.

(53) Raghavachari, K.; Stefanov, B. B.: Curtiss, L. A. J. Chem. Phys.
1997, 106, 6764.

(54) Hehre, W. J.; Radom. L.; Schleyer, P. V. R.; Pople, J. A. Ab Initio
Molecular Orbital Theory; Wiley: New York, 1986.
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CsH1,0S(9) + 5CH,(9) + 2H,S(g) —
4CH,CHj(g) + 2CH,;SH(g) + H,SO(g) (8)

CsH100,5(9) + 5CH,4(g) + 2H,S(9) —
4CHZCH,(g) + 2CH;SH(g) + H,S0,(g) (9)

We have used in this work four isodesmic reactions
using as references Me,SO and Me,SO,, reactions 10 and
11 in the case of the sulfoxide compound, and reactions
12 an 13

CsH,,0S(g) + 5CH,(9) — 4CH;CH54(g) + Me,SO(9)
(10)

CsH;00S(g) + CH;CH,CH3(g) —
c-CeH1,(9) + Me,SO(g) (11)

CsH;00,S(g) + 5CH,(g) — 4CH,;CH3(g) + Me,SO,(9)
(12)

CsH100,S(g) + CH3;CH,CH,(g) —
c-CeH12(9) + Me,SO,(g) (13)

in the case of the sulfone. The calculated values for the
enthalpies of formation of thiacyclohexane 1-oxide and
thiacyclohexane 1,1-dioxide, at the G2(MP2) level of
theory, using atomization and isodesmic reactions,> are
shown in Table 6.

A further step in obtaining reliable theoretical values
of AfH°, for the compounds studied is the consideration
of a more sophisticated basis set in the optimization of
their geometries. The availability of 3d orbitals in sulfur
is the main factor responsible for its reactivity behavior,
so the adequate description of the geometry and elec-
tronic properties of sulfur-containing compounds would
require the inclusion of supplementary d functions in the
basis set. We have reoptimized the geometries of the
compounds studied at the MP2(FULL)/6-31G(3df,2p)
level and have also carried out the single-point calcula-
tions using a scheme similar to that in the G2(MP2)
formalism.*® This approach will be designed as G2-
(MP2)+. The AfH°,, values for the compounds studied,
calculated at this computational level, are collected in
Table 6.

As can be seen in that table, the AH°, values for
thiacyclohexane 1,1-dioxide, calculated from G2(MP2)
and G2(MP2)+ energies, using the atomization reaction
scheme are less negative than the experimental value.
These calculated values can be modified introducing
spin—orbit and bond additivity (BAC) corrections.®® This
procedure has been detailed in a previous study.® The
modified AH°y values are shown in Table 6. As can be
seen, the new values are more negative than the experi-

(55) Experimental AiH°y, values for the reference compounds used
in isodesmic reactions 10—13, methane, ethane, propane, cyclohexane,
dimethyl sulfoxide, and dimethyl sulfone, —74.9, —83.8, —104.7,
—123.0, —150.5, and —373.0 kJ mol~1, respectively, have been taken
from a NIST compilation: Afeefy, H. Y.; Liebman, J. F.; Stein, S. E.
Neutral Thermochemical Data. In NIST Chemistry WebBook, NIST
Standard Reference Database Number 69; Linstrom, P. J., Mallard,
W. G., Eds.; National Institute of Standards and Technology: Gaith-
ersburg, MD, July 2001 (http://webbook.nist.gov).

(56) Petersson, G. A.; Malick, D. K.; Wilson, W. G.; Ochterski, J.
W.; Montgomery, J. A., Jr.; Frisch, M. J. J. Chem. Phys. 1998, 109,
10570.
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mental one, indicating that the correction is too high in
the case of thiacyclohexane 1,1-dioxide.

When isodesmic reactions 12 and 13 are used to
calculate the heat of formation of thiacyclohexane 1,1-
dioxide, the values obtained are more negative than the
experimental value.

We can also use another type of reaction to calculate
the enthalpies of formation of the compounds studied,
the S=0 bond dissociation reactions, similar to reaction
1:57

thiacyclohexane 1-oxide — thiane + O  (14)
thiacyclohexane 1,1-dioxide — thiane + 20 (15)

The calculated S=0O bond dissociation enthalpies are
363.3 and 363.7 kJ mol~?, obtained at the G2(MP2) and
G2(MP2)+ levels, respectively, for the sulfoxide com-
pound, and 463.5 and 466.2 kJ mol~! for the sulfone.
These values are in good agreement with those obtained
by Herron'® from experimental heats of formation of a
series of acyclic sulfoxides and sulfones, 373 + 15 and
470 4 12 kJ mol ™, respectively.

The enthalpies of formation of both compounds studied
obtained using reactions 1, 14, and 15 are collected in
Table 6. It has to be noted that the A{H°,, value calculated
for thiacyclohexane 1,1-dioxide using reaction 15 is in
very good agreement with the experimental value.

We can calculate the strain energies for the six-
membered ring using the following reactions (thermo-
chemical data from ref 6):

CsHy,S(g) + 4C,Hg —
CH,CH,SCH,CH, + 3CH,CH,CH; (16)

AH(16) = 1.1 kJ mol *

CoH,,SO(g) + 4C,H, —
CH,CH,SOCH,CH, + 3CH,CH,CH, (17)

AH (17) = —9.9 kJ mol *

CsH10SO,(9) + 4C,Hg —
CH,CH,S0,CH,CH, + 3CH,CH,CH, (18)

AH(18) = —13.4 kI mol*

Thiane does not appear to be strained, whereas the strain
energies of the sulfoxide and sulfone are similar in
magnitude and differ by approximately the free energy
difference suggested for equatorially substituted thiane
1-oxide. Given the similarities in geometry, these enthal-
pic differences could reflect the presence of the equatorial
oxygen in the sulfone.

Conclusions

Calorimetric measurements on crystalline 4 afforded
accurate values for its enthalpies of combustion and
sublimation. The derived thermodynamic parameter for
the standard molar enthalpy of formation in the gas

(57) Experimental AH°y, values for thiane and atomic oxygen, —63.5
and 249.18 kJ mol~1, respectively, have been taken from a NIST
compilation. See ref 55.
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TABLE 6. Enthalpies of Formation of Thiacyclohexane 1-Oxide and Thiacyclohexane 1,1-Dioxide, Experimental and
Calculated from Atomization, Isodesmic, and Bond Dissociation Reactions?

G2(MP2) G2(MP2)+
bond bond
compd atomization isodesmic dissociation atomization isodesmic dissociation exptl
5 —176.3 (-182.9)° —179.3,°—180.7¢ —177.7,2-180.4" —174.1(-180.7)° —178.7,c°—180.5¢ —178.0,2—177.8" (—174.0)°
4 —391.2 (—401.4)° —402.0,h —403.2" —392.0i —391.7 (—401.9)° —401.2,h —402.9" —395.0! —3948+14

a All values in kilojoules per mole.  Value obtained from atomization reaction including spin—orbit and bond additivity corrections.
See the text. ¢ Value obtained using isodesmic reaction 10. @ Value obtained using isodesmic reaction 11. ¢ Value obtained using bond
dissociation reaction 14. f Value obtained using bond dissociation reaction 1. 9 Value obtained through bond dissociation reaction 1, using
the experimental S=O bond dissociation energy in sulfones, taken from ref 10. M Value obtained using isodesmic reaction 12. ' Value

obtained using isodesmic reaction 13. 7 Value obtained using bond dissociation reaction 15.

phase, AH°n(4,9) = —394.8 £ 1.5 kJ mol™?, is very
negative when compared with the reported enthalpy of
formation of the thioether analogue 3, A{H°(3,9) = —63.5
=+ 1.0 kJ mol~1.% This huge enthalpic difference, AA{H®,-
(4—3) = —331.3 kJ mol™%, is a manifestation of the
remarkable strength of the S=0O bonds, as well as the
significantly stronger C—SO, bonds in 4.

With the value of the enthalpy of formation of 4 at
hand, and given the known enthalpy of formation of
atomic oxygen in the gas phase, A{H°(0,9) = +249.18
kJ mol~%,1* as well as the reported bond dissociation
energy for the S=0 bond in alkyl sulfones,® BDE(S=0)
= +470.0 kJ mol™1, it was possible to estimate the
enthalpy of formation of 5, a hygroscopic compound
difficult to use in experimental calorimetric measure-
ments, AH°»(5) = —174.0 kJ mol 2.

The molecular structures of 4 and 5 were optimized at
the MP2(FULL)/6-31G(3df,2p) level of theory, and showed
excellent agreement with the experimentally obtained
geometrical parameters.??? It was found that (at the
MP2(FULL)/6-31G(d) level) the conformational isomer
with the oxygen atom in the axial position for 5 is 7.4 kJ
mol~! more stable than the conformer with an equatorial
sulfinyl S=0O group. This calculation is also in agreement
with experiment.?5¢

The enthalpies of formation of both 4 and 5 that are
experimentally determined in this work were closely
reproduced by theoretical calculations, at the G2(MP2)+
level.

Finally calculated G2(MP2)+ values for the bond
dissociation energy of the S=0O bond in cyclic sulfoxide 5
and sulfone 4 are 363.7 and 466.2 kJ mol 1, respectively.

Experimental Section

Materials. Thiacyclohexane 1,1-dioxide was synthesized
following the method described in ref 58. 'H NMR, 3C NMR,
IR, and Raman spectra are given as Supporting Information.
The compound was purified by crystallization from hexane—
methylene chloride. Control of purity assessed by DSC using
the fractional fusion® technique indicated that the mole
fraction of impurities was less than 0.0004. The DSC curve is
given in the Supporting Information.

The sample was studied by DSC over the temperature range
273—378 K, and no solid—solid phase transition was found.

Procedure for Thermochemical Measurements. An
isoperibol calorimeter equipped with a rotary bomb and an
isothermal jacket was used for the measurements of the energy
of combustion. The apparatus and procedure have been

(58) Whitehead, E. V.; Dean, R. A,; Fidler, F. A. 3. Am. Chem. Soc.
1951, 73, 3632.
(59) Marti, E. E. Thermochim. Acta 1973, 5, 173.

described in ref 1. To confirm the chemistry of the combustion
process and the accuracy of the energy correction involved in
the analysis of results, thiantrene was used as the reference
material.®® The standard molar enthalpy obtained, A;H°y =
—7242.1 + 3.0 kd mol™1, is in good agreement with the values
obtained by other authors.®® All the details of the combustion
measurements and the physical properties used for the de-
termination of the energy of combustion are given as Support-
ing Information.

A differential scanning calorimeter equipped with an intra-
cooler unit was used in this research to measure the heat
capacities of the compound, to control the purity, and to study
the phase transitions of the sample. Heat capacities were
determined following the method described in ref 61. Synthetic
sapphire and benzoic acid were used as reference materials®
for checking all the process.

The vapor pressures as a function of the temperature of
thiacyclohexane 1,1-dioxide were determined by the mass-loss
Knudsen-effusion method using the tested technique and
procedure previously described (benzoic acid and naphthalene
as reference materials).?? The enthalpy of sublimation was
deduced from the temperature dependence of the vapor pres-
sures.

The Clausius—Clapeyron equation

In(p/p)=-BT *+A (19)

where p° = 101.325 kPa, was fitted to the vapor pressures to
give the molar enthalpy of sublimation from B = Ag;uH°mT w1
R, where R = 8.3145 J K™! mol~. The uncertainties assigned
to the value of the enthalpy of sublimation are the standard
deviation of the B value.

Full experimental details are given as Supporting Informa-
tion.

Computational Details. Standard ab initio molecular
orbital calculations® were performed with the Gaussian98
series of programs.® The energies of the compounds studied
were calculated using Gaussian-2 theory, at the G2(MP2)+°
level.

(60) Sabbah. R.; Xu-wu, A.; Chickos, J. S.; Planas, M. L.; Roux, M.
V.; Torres, L. A. Thermochim. Acta 1999, 331, 93.

(61) Jiménez, P.; Menéndez, V.; Roux, M. V.; Turrion, C. J. Chem.
Thermodyn. 1995, 27, 679.

(62) Jiménez, P.; Roux, M. V.; Davalos, J. Z.; Martin-Luengo, M.
A.; Abboud, J.-L. M. J. Chem. Thermodyn. 1997, 29, 1281.

(63) Gaussian98, Revision A.11.3: Frisch, M. J.; Trucks, G. W.;
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.;
Zakrzewski, V. G.; Montgomery, J. A, Jr.; Stratmann, R. E.; Burant,
J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin, K. N.; Strain,
M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi, R.;
Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Rega, N
Salvador, P.; Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.;
Raghavachari, K.; Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul,
A. G.; Stefanov, B. B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi,
l.; Gomperts, R.; Martin, J. L.; Fox, D. J.; Keith, T.; Al-Laham, M. A.;
Peng, C. Y.; Nanayakkara, A.; Challacombe, M.; Gill, P. M. W
Johnson, B.; Chen, W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-
Gordon, M.; Replogle E. S.; Pople, J. A., Gaussian, Inc., Pittsburgh,
PA, 2002.

J. Org. Chem, Vol. 68, No. 5, 2003 1769



JOC Article

G2(MP2) corresponds effectively to calculations at the
QCISD(T)/6-311+G(3df,2p) level on MP2(full)/6-31G(d)-opti-
mized geometries, incorporating scaled HF/6-31G(d) zero-point
vibrational energies and a so-called higher level correction to
accommodate remaining deficiencies.

We have also reoptimized the geometries at the MP2(full)/
6-31G(3df,2p) level to obtain more reliable molecular struc-
tures for the compounds studied.
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